It is now well established that both ventilation and perfusion are distributed unevenly throughout the lung. Inert gas washout curves have consistently revealed non-uniformity of ventilation/lung volume (VA/VA) ratios (1-3); study of the respiratory exchange ratios in different parts of the lung has provided evidence of uneven ventilation/perfusion (VA/Qc) ratios (4, 5), and both bronchospirometric studies (6) and measurements of physiological dead space (7) have supported these findings.1 Analysis of single * This research was supported by a grant from the Illinois Tuberculosis Association.
It is now well established that both ventilation and perfusion are distributed unevenly throughout the lung. Inert gas washout curves have consistently revealed non-uniformity of ventilation/lung volume (VA/VA) ratios (1-3); study of the respiratory exchange ratios in different parts of the lung has provided evidence of uneven ventilation/perfusion (VA/Qc) ratios (4, 5) , and both bronchospirometric studies (6) and measurements of physiological dead space (7) have supported these findings.1 Analysis of single * This research was supported by a grant from the Illinois Tuberculosis Association.
IDefinitions of symbols: DL = pulmonary diffusing capacity VA = alveolar volume VA = alveolar ventilation per unit time Qc = pulmonary capillary blood flow VTA = alveolar tidal volume VFRC = end expiratory alveolar volume Vc = blood volume of the pulmonary capillary bed Dm = true diffusing capacity of the pulmonary membrane t = any time interval tb = time for a single breath cycle f = respiratory frequency (f = 1/tb) PB = barometric pressure corrected for water vapor Y and Z = symbols for compartments of the lung, applied as subscripts (e.g., VAz and so forth) FAx = fractional concentration of any gas X in alveolar gas Fix = fractional concentration of any gas X in inspired gas FETx = fractional concentration of any gas X in end tidal gas FEIx = fractional concentration of any gas X in alveolar gas at the end of inspiration Fvy = fraction of VA to compartment Y Fvz = fraction of VA to compartment Z KN2 = a constant indicative of the rate of inert gas washout Kco = a constant indicative of the total rate of carbon monoxide disappearance from alveolar gas due to diffusion plus ventilation KD = a constant indicative of the rate of carbon monoxide disappearance from alveolar gas due to diffusion alone (KD = PBDL/VA) expirates has indicated, in addition to VA/QC inequality, non-uniformity of perfusion/lung volume ratios (Qc/VA) throughout the lung (8, 9) . Results with differential bronchiospirometry indicate a definite Qc/VA difference between the two lungs when the subject lies on his side (10) . Available evidence suggests that perfusion is reduced in the superior portions of lung due to hydrostatic effects (11), accounting for an increased unevenness of VA/Qc in the erect posture as compared with the supine (7) and explaining the low oxygen uptake and low
Qc/VA ratio of the uppermost portions of the lung (6, 10, 12) . One would expect diffusion across the alveolar-capillary membrane in a given volume of lung to be related to the effective capillary bed in that region, and variation in Qc/VA to be reflected in variations of the ratio of diffusing capacity to lung volume (DL/VA). Direct evidence of DL/VA non-uniformity was first reported by Forster, Fowler, Bates and Van Lingen (13) . These investigators noted that the disappearance of carbon monoxide from alveolar gas during breath holding did not follow a simple exponential curve as theoretically expected; the effect was explained by non-uniform DL/VA ratios in the lung, those areas with low diffusion causing an apparent slowing of carbon monoxide disappearance when long breath holding times were utilized. The findings of Forster and co-workers have been confirmed by others (14, 15) although at least one observer has failed to note the phenomenon (16 (19) .
In 1958, a method was described in this laboratory for determining DL from carbon monoxide equilibration curves (20) , a method which was similar in approach to that of Gilson and HughJones (21) . With the technique originally employed, no evidence of DL/VA variability was demonstrated in several normal individuals. However, with improved methods (including more careful control of tidal volume and breathing pattern as well as incorporation of helium as an indicator of inert gas equilibration), it is apparent that DL/VA ratios are non-uniform in the normal subject. In addition, it has been noted that unevenness of diffusion may be increased by full inflation of the lung (15) , and (as will be shown in the following paper of this series) that DL/VA variations may be marked in pathological lungs and in certain experimental preparations. The equilibration technique provides sufficient data to calculate DL/VA variations if certain assumptions are allowed. It is the purpose of this report to describe the theoretical basis for such calculations and to outline the methods involved. In addition to assessing the degree of non-uniformity of diffusion, such methods could provide an estimate of overall DL which is free from the errors induced by nonuniformity of VA/VA, Qc/VA, or DL/VA. In the second paper of this series, these methods of calculation are applied to obtain experimental data in man.
CALCULATIONS
Mathematical relationships in a uniform lung. It is possible to predict the changes in end tidal gas which will result in an ideal uniform lung when inhaled gas is changed from room air to a helium-carbon monoxide mixture and when this mixture is replaced by room air. The mathernatical relationships during carbon monoxide equilibration and washout were considered in some detail in a previous report (20) . In the ideal lung there will be an exDonential increase in FETH6 following exposure to helium, and at equilibrium FETHE,. = FIHe. On inspiring the carbon monoxide-helium mixture, there will be an exponential increase in end tidal carbon monoxide, but in the presence of diffusion, FETco. < Fico. When room air is again inhaled, FETco and FETHe will decrease exponentially to baseline values.
The rate of decline of carbon monoxide must exceed that of helium since carbon monoxide disappears from the alveoli due to a combination of diffusion and simple washout, while helium disappears solely from ventilatory effects. Since both helium and carbon monoxide disappearances will follow a simple exponential function during washout, successive end tidal values of each will describe a straight line when plotted semilogarithmically against time. In this circumstance, DL may be calculated simply from obtained data if VA is known: Figure 2 . Using the lung model defined, the terminal slope of this curve must represent the washout plus diffusion in Compartment Z. If the lung model described is applicable and contains only two compartments, it must be possible to inscribe a tangent to the terminal slope of the carbon monoxide washout curve which will yield a value for Fvz identical with that determined from helium data in Equation 17 . Since values for Compartment Y were determined entirely from relationships at time a>, it is still necessary to demonstrate that these parameters satisfactorily explain the end tidal carbon monoxide values during washout. To this end, obtained values for both compartments are applied to Equation 15 , and the theoretical carbon monoxide disappearance curves for Compartments Y + Z are compared with obtained end tidal points. Agreement confirms the suitability of the model utilized and serves as a check on calculations.
If a satisfactory solution cannot be obtained in terms of two compartments, a new model must be utilized in which three or more compartments are calculated. The methods are identical to those described above, the contributions of the additional compartments being subtracted serially from observed data.
DISCUSSION
In the method outlined, an attempt is made to analyze data obtained during equilibration and disequilibration with a carbon monoxide mixture in terms of a compartmented lung. It has been found necessary to utilize an arbitrary lung model, the suitability of which must be proven by its applicability to data obtained. Such a model does not pretend to reflect actual anatomic divisions of the lung. However, the description of non-uniform events in terms of simple compartments has been widely utilized, and the compartment concept greatly simplifies calculations.
It has been necessary to assume a relationship between ventilatory and diffusing compartments in order to keep the number of compartments at a minimum. There is experimental evidence that DL/VA ratios are similar in portions of the lung which vary in VA/VA, at least as VA/VA variations are reflected in various portions of expired gas (23) . Despite this report, it is difficult to believe that DL/VA ratios bear no relation whatever to ventilatory characteristics, at least in pathological lungs (e.g., lung cysts).
In any event, applying non-uniform DL/VA ratios to each ventilatory compartment would create a minimum of four compartments. In addition, such a model would tend to exaggerate DL/VA unevenness in certain situations. By assuming that slowly ventilated areas have a slow sum of ventilation plus diffusion, one minimizes calculated variations in DL/VA and allows the determination of uniform diffusion in the face of VA/VA variability. It would be impossible to assume identity of a fast ventilating region (Y) with one having slow ventilation plus diffusion (Z) since, in some sets of data, KN2Y exceeds Kcoz. Support for the approach used may be found in the observations of West, Fowler, Hugh-Jones and O'Donnell (9) who noted that poorly ventilated alveoli appear to be poorly perfused.
An assumption has been utilized in derivation of Equation 6; this formula is based on a breathing pattern in which inspiration and expiration are equal in time and in which inspiration proceeds at such a rate that there is an exponential increase in FAco during the inspiratory period. Any other breathing pattern could have been utilized as a basis for calculation, but the one employed is simple and closely resembles physiological conditions. The error involved in minor deviations from this pattern is small.
In the method described, there is the tacit assumption that end tidal samples are representative of the alveolar pool at that point in time. When there is uniformity of the expired gas throughout the expiratory period, this assumption is valid, and this situation is approached for an inert gas in a normal subject. With an abnormal lung, one will tend to overestimate the size of the slowly ventilated areas by end tidal samples, since such areas tend to empty relatively late in expiration. Ogilvie, Forster, Blakemore and Morton have been unable to relate diffusion measurements to the portion of expirate examined (23) ; if this is the case, diffusion measurements in end tidal samples should be valid for the lung as a whole. However, the sizes of the various compartments might still be in error in the abnormal lung since these dimensions are dependent upon inert gas measurements. Besides, it is difficult to believe that Forster's observations of equal diffusion in all portions of the expirate would apply universally. The errors involved in end tidal sampling could be circumvented by analysis of mixed single expirates; as yet, this is not technically feasible.
It should also be emphasized that the analytical methods described herein are crude and time consuming, consisting of a trial and error graphic fit. It seems likely that refinements in technique of calculation are possible, especially by incorporation of electronic computation. This might allow the utilization of a more complex lung model which would more closely resemble physiological parameters.
The method described is subject to all the assumptions and errors of carbon monoxide techniques in general. During the early phases of carbon monoxide disappearance, the problems are similar to those of the breath holding method; these have been discussed in detail by Forster and co-workers (13) . As one approaches the terminal portion of the carbon monoxide disappearance curve, the problem of back pressure becomes more important. Ideally, one would account for the value of the back pressure of carbon monoxide in formulation of diffusion effects, but this would add considerably to the complexity of calculations. As the procedure is currently employed, the final FETCo achieved after several minutes of air breathing is utilized as a baseline for FETCO, during washout and, as such, represents an estimate of CO back pressure. This value for FETco is a result of two opposing phenomena-the back diffusion of carbon monoxide from blood to alveolus and the ventilation of carbon monoxide from alveolus to atmosphere. The final value of FETCO will lie somewhere between the carbon monoxide in room air and the tension of carbon monoxide in the pulmonary capillary blood. Due to this inaccuracy in estimation of true back pressure, some error in calculated Kco must result. With normal parameters, and with low concentration of carbon monoxide in inhaled gas, this error is relatively small.
Despite the various limitations outlined, the ability to estimate total pulmonary diffusing capacity in the face of variable DL/VA ratios would seem of sufficient importance to warrant a trial of the technique, even if quantitative technics are imperfect. In a following paper these methods are applied to data obtained in human subjects. Animal experiments are also reported which indicate the validity and applicability of the procedure. SUMMARY 1. A method has been described for calculating compartments with varying diffusing character-istics (i.e.,-non-uniform diffusing capacity to lung volume ratios) from carbon monoxide equilibration curves. By adding the diffusing capacities calculated for each compartment, a total diffusing capacity may be determined which is theoretically free of the errors induced in conventional diffusion techniques by non-uniformity of pulmonary diffusion.
2. The methods described require the utilization of an arbitrary lung model. The applicability of this model must be demonstrated by its ability to explain experimental results.
3. In the following paper, these methods will be applied to experimental data, and further implications of diffusing capacity per lung volume non-uniformity will be discussed.
